Delirium is a common and costly complication of hospitalization. Although medications are a known cause of delirium, antibiotics are an underrecognized class of medications associated with delirium. In this article, we comprehensively review the clinical, radiologic, and electrophysiologic features of antibiotic-associated encephalopathy (AAE). AAE can be divided into 3 unique clinical phenotypes: encephalopathy commonly accompanied by seizures or myoclonus arising within days after antibiotic administration (caused by cephalosporins and penicillin); encephalopathy characterized by psychosis arising within days of antibiotic administration (caused by quinolones, macrolides, and procaine penicillin); and encephalopathy accompanied by cerebellar signs and MRI abnormalities emerging weeks after initiation of antibiotics (caused by metronidazole). We correlate these 3 clinical phenotypes with underlying pathophysiologic mechanisms of antibiotic neurotoxicity. Familiarity with these types of antibiotic toxicity can improve timely diagnosis of AAE and prompt antibiotic discontinuation, reducing the time patients spend in the delirious state. Neurology ® 2016;86:963-971 GLOSSARY AAE 5 antibiotic-associated encephalopathy; GABAAR 5 g-aminobutyric acid class A receptor; IPSP 5 inhibitory postsynaptic potential.
Delirium occurs in up to half of hospitalized patients and up to 80% of patients in intensive care units. 1 Delirium is associated with increased length of hospital stay, [2] [3] [4] in-hospital complications, 5 discharge to long-term care facilities, 6 rehospitalization from long-term care facilities, 7 subsequent cognitive impairment, 4 subsequent dependence, 8 and risk of in-hospital 2,9 and 1-year mortality. 10 This has led to ongoing efforts to recognize, prevent, and treat delirium to improve patient outcomes and reduce health care costs. 11 Although medications are a commonly considered reversible cause of encephalopathy, antibiotics are an underrecognized etiology. 12 Serious CNS adverse effects of antibiotics are generally reported with a frequency of less than 1%, with encephalopathy representing a small proportion of those adverse effects. 13, 14 However, a recent retrospective study of 100 critically ill patients reported a 15% rate of encephalopathy associated with use of the fourth-generation cephalosporin cefepime, suggesting that antibiotic-associated encephalopathy (AAE) may be underdiagnosed. 12 Identification of AAE as a cause of delirium is challenging since patients receiving antibiotics often have multiple potential causes of altered cognition, and data describing the clinical features of and risk factors for AAE are limited to case reports and small series. 14, 15 Here we present the results of a comprehensive review of reported cases of AAE to define the specific clinical features, EEG changes, and neuroimaging findings associated with encephalopathy from particular antibiotic classes and individual antibiotics. Our synthesis of this data reveals 3 distinct clinical subtypes of AAE, each with unique pathophysiologic mechanisms.
SEARCH METHODS AND CRITERIA We comprehensively searched PubMed using terms for antibiotics (antibiotic or "anti-bacterial agents" [MeSH] or "anti-bacterial agents" [pharmacologic action] or 2,4-diacetylphloroglucinol or 2-deoxystreptamine or acedapsone or actinonin or actinorhodin . or tinidazole) (see supplemental data on the Neurology ® Web site at Neurology.org for all antibiotic terms) and the search terms encephalopathy, confusion, delirium, seizure, neuropathy, neurotoxicity, mania, hallucination, or psychosis. The term neuropathy was included to increase sensitivity since some antibiotics such as metronidazole cause concurrent neuropathy and encephalopathy. We searched from the beginning of indexing to October 16, 2013 , in English, French, and Spanish. Results were screened by the authors to meet the following inclusion criteria: (1) The article must present a case report or case series describing individual patients experiencing alteration of cognition/ consciousness after administration of antibiotics and improvement after cessation. We therefore excluded series not describing individual patient data, but reference lists from such articles were screened for additional case reports and series. (2) Case reports in which altered cognition/consciousness was due to a postictal state after a clinically apparent seizure were excluded, but cases in which patients presented with encephalopathy accompanied by seizures or in whom nonconvulsive seizures were determined to be the cause of encephalopathy were included.
For each described case, we extracted data on demographics (age, sex), antibiotic used, comorbidities (renal dysfunction, hepatic dysfunction, history of psychiatric disease), clinical symptoms accompanying encephalopathy (seizures, myoclonus, focal neurologic deficits), temporal evolution of onset and improvement of toxicity, and laboratory investigations (EEG, MRI, serum or CSF drug levels). We calculated a Naranjo score for each case described (see supplemental data for Naranjo score table) assessing the likelihood of causality of the association described. 16 CLINICAL CHARACTERISTICS OF AAE Our search yielded 292 articles describing 391 individual cases from 1946 through 2013 inclusive. e1-e292 Toxicity was reported with 54 different antibiotics from 12 different classes of antibiotics. Of the 391 cases, 54% were male, and the median age was 54 years (range ,1-94 years). Tables 1-3 show results by antibiotic class and individual antibiotics for which 10 or more cases of AAE were reported. Antibiotics with fewer than 10 reported cases of AAE were compiled under the heading "other" for each antibiotic class.
Baseline characteristics and risk factors. Table 1 shows baseline characteristics of reported cases of AAE. Renal insufficiency was present in 25% of all cases. Baseline renal insufficiency was particularly common in cases of cephalosporin-associated encephalopathy (72% overall for cephalosporins, 70% cefepime, 92% ceftazidime), but was present in only 3%-22% of cases reported for other antibiotic classes. Baseline hepatic dysfunction (14% for metronidazole, ,5% for other classes of antibiotics) and psychiatric history (#20% for all classes) were uncommon. It is possible that AAE is underreported in such patients since encephalopathy may be misattributed to hepatic encephalopathy or exacerbation of psychiatric illness in the setting of medical illness.
Clinical features associated with AAE. Table 2 shows the clinical characteristics of AAE. Psychosis (defined as presence of delusions or hallucinations) was present in 47% of cases overall and was most common among cases of encephalopathy associated with sulfonamides (68%), quinolones (67%), macrolides (63%), and penicillin procaine (68%). Psychosis was much less common in cases of encephalopathy associated with cephalosporins (13%) and metronidazole (24%).
Seizures were present in 14% of cases overall and were most common in AAE reported in association with penicillin (as an individual antibiotic) (38%) and cephalosporins (35%). For anti-mycobacterials, quinolones, macrolides, and metronidazole, 10% or fewer reported cases had seizures accompanying AAE. Seizures associated with cephalosporin-associated encephalopathy were nonconvulsive in 54% of patients, whereas nearly all other reported seizures were clinically apparent (with the exception of 2 cases of nonconvulsive seizures associated with quinolone-associated encephalopathy). Table 2 Clinical features of antibiotic-associated encephalopathy
Median (range) days to toxicity Median (range) days to resolution
Symptoms associated with encephalopathy on clinical presentation or during course of antibiotic-associated encephalopathy. Days to resolution refers to time from stopping antibiotics to return to baseline cognition. a Percentage refers to proportion of seizures that are nonconvulsive.
Myoclonus was found in 15% of cases overall. Myoclonus was most common in cases of encephalopathy associated with penicillin (71%) and cephalosporins (41%), but infrequent (#10%) with other antibiotic classes. Cerebellar symptoms (defined as presence of ataxia or dysmetria) were seen in 5% of cases overall. They were most common with metronidazole-associated encephalopathy (48%) and reported in fewer than 6% of cases of AAE associated with other antibiotic classes. A cerebellar syndrome is well-described with metronidazole neurotoxicity, 17 so it should be noted that we excluded cases of metronidazole-associated cerebellar toxicity that did not cause accompanying encephalopathy. Language dysfunction was present in 3% of cases overall, and was most commonly seen with cefepime-associated encephalopathy, in which 27% of cases were described as having aphasia accompanying AAE.
Time to onset and resolution of AAE. AAE is apparent within a median time of 5 days after antibiotic initiation for all individual antibiotics except isoniazid and metronidazole, for which the median length of time from antibiotic initiation to emergence of encephalopathy was approximately 3 weeks. However, a broad range of times to AAE onset were seen across all antibiotics, from first dose effects to emergence months after initiation of treatment. Time to resolution of encephalopathy after antibiotic discontinuation was within a median of 5 days for most antibiotic classes, with the exception of metronidazole, for which median time to resolution was 13 days.
Laboratory investigations in AAE. Table 3 shows the results of investigations performed in reported cases of AAE. MRI of the brain was abnormal in all cases of metronidazole-associated encephalopathy, but normal in all others, with the exception of one case of cefditoren pivoxil toxicity in the setting of acquired carnitine deficiency. 18 The typical pattern of MRI changes in metronidazole-associated neurotoxicity is T2 hyperintensities in the dentate nuclei of the cerebellum with variable involvement of the brainstem, corpus callosum, or other regions ( figure 1) . 17 The isolated case of cefditoren pivoxil toxicity reported bilateral frontal subcortical T2 MRI hyperintensities. 18 CT of the brain was normal in all cases except for one case of cerebellar hypodensity with metronidazole toxicity 19 and one report of left thalamic hypodensity with imipenem toxicity associated with generalized seizures and epileptiform discharges on EEG.
20 Table 3 Brain MRI and EEG abnormalities in antibiotic-associated encephalopathy EEG was abnormal in 70% of cases of AAE in which EEG was performed. EEG was abnormal in nearly all cases of cephalosporin-associated encephalopathy in which EEG was obtained (95%). EEG abnormalities were also common with penicillin (83%), ciprofloxacin (83%), and isoniazid (69%), but EEG was performed much less frequently in patients with encephalopathy associated with these antibiotics, limiting interpretation. The most common EEG abnormalities were nonspecific signs of encephalopathy such as slowing and generalized periodic discharges with triphasic morphology. EEG revealed epileptiform discharges or seizures in 28% of cases in which EEG was performed, including 55% of cases of cephalosporin-associated encephalopathy, 44% of quinolone-associated encephalopathy, and 40% of penicillin-associated encephalopathy, but in no cases of macrolide-, metronidazole-, or sulfonamideassociated encephalopathy.
Cefepime was the only antibiotic for which more than 10 reports of serum drug concentration during toxicity were reported alongside detailed clinical reports. From manufacturer-reported pharmacokinetic data to the United States Food and Drug Administration, cefepime trough levels in healthy individuals are generally between 0.2 and 1.1 mg/L depending on the dose. 21 The median serum cefepime concentration during toxicity was 38 mg/L (range 15-284 mg/L from 13 reports). The CSF level during toxicity was measured in 2 cases with values of 2.4 mg/L (serum concentration of 81 mg/L) and 18 mg/L (serum concentration of 284 mg/L). In a study correlating cefepime trough levels with neurotoxicity, the 50% probability of neurologic toxicity occurred at trough level of 22 mg/L. 22 Strength of association of antibiotic and AAE. The median Naranjo scale score for all antibiotic classes was 4, indicating that the association described is possible in most cases. The median score was low since all reported cases by definition had an active infection that could not be definitively excluded as a potential cause of encephalopathy; if this strict interpretation of the Naranjo scale is loosened for patients with non-CNS infections, the median score would be 5, indicating probable association.
Three distinct clinical phenotypes of AAE. Based on the above data, 3 clinical phenotypes of AAE emerge with respect to clinical symptoms, temporal evolution, and laboratory abnormalities (figure 2). We classify these here as type 1, type 2, and type 3 AAE. These clinical phenotypes not only are useful in improving diagnostic recognition of AAE associated with particular antibiotics but also provide clinical grounds for an understanding of the pathophysiology underlying encephalopathy caused by different antibiotics (see Pathophysiology of AAE).
Type 1 AAE is characterized by onset within days of antibiotic initiation, common occurrence of myoclonus or seizures, abnormal EEG, normal MRI, and resolution within days. This is the clinical phenotype seen with penicillin (as an individual antibiotic) and cephalosporins. Cephalosporin-associated encephalopathy was reported most commonly in the setting of renal insufficiency.
Type 2 AAE is marked by onset within days of antibiotic initiation, frequent occurrence of psychosis, rare occurrence of seizures, infrequently abnormal EEG (which is more commonly nonspecific rather than epileptic), normal MRI, and resolution within days. This is the clinical phenotype seen in association with procaine penicillin, sulfonamides, fluoroquinolones, and macrolides.
Type 3 AAE, seen only with metronidazole, is characterized by onset weeks after initiation, frequent occurrence of cerebellar dysfunction, rare seizures, rare and nonspecific EEG abnormalities, and omnipresence of abnormal MRI. Isoniazid did not fit clearly into any of these categories: time to onset is weeks to months as with metronidazole, psychosis is common, seizures are rare, and EEG is frequently abnormal but nonspecifically so. We did not include cases of isoniazid intoxication due to overdose, in which the encephalopathy begins immediately and seizures are common.
PATHOPHYSIOLOGY OF AAE Type 1 AAE (seizure/ myoclonus). Type 1 AAE is thought to be caused by disruption of inhibitory synaptic transmission leading to excitotoxicity. The most commonly implicated receptor is the ligand-gated ion channel g-aminobutyric acid class A receptor (GABA A R). Activation of GABA A R by endogenous GABA results in intracellular influx of chloride ions creating an inhibitory postsynaptic potential (IPSP) that increases the threshold for generation of an action potential. 23 b-lactams impede inhibitory neurotransmission at GABA A R through a variety of mechanisms, causing central excitotoxicity.
15,24-26 b-lactams can bind either noncompetitively (e.g., penicillins) or competitively (e.g., cephalosporins) to GABA A R. 27, 28 In animal models, direct cortical application of penicillins leads to decreased IPSPs and increased burst properties of excitatory neurons, which is the likely pathophysiologic basis of encephalopathy, myoclonus, and seizures related to b-lactam neurotoxicity. [29] [30] [31] [32] [33] The affinity of b-lactams for GABA A R is dependent on the b-lactam ring, since cleavage of this ring with penicillinase abolishes the excitatory effects of penicillin applied directly to the cortex in vivo. 34 Other chemical structural differences between antibiotics also affect whether a given antibiotic will cause neurotoxicity. For example, carbapenems with more basic amino acid side chains at the C2 position (e.g., imipenem) more strongly inhibit GABA A R and may be more epileptogenic. 35 Type 2 AAE (psychosis predominant). The distinct neuropsychiatric features found in type 2 AAE closely resemble drug-induced psychotic syndromes caused by perturbations of the D2 dopamine and NMDA glutamate receptors (e.g., cocaine, amphetamines, and phencyclidine). Studies of neurotoxic effects of quinolones and macrolides are limited. In an in vitro study examining rat hippocampal slices treated with quinolones at therapeutic concentrations, neuronal population spikes appeared to be modulated primarily through the NMDA glutamate receptor in a concentration-dependent manner. 36 No direct evidence exists for the effects of quinolones on the dopaminergic system, although a Tourette-like syndrome has been reported with ofloxacin, suggesting a potential interaction with the dopaminergic system. 37 In Type 2 AAE caused by procaine penicillin, also termed Hoigne syndrome, 38 procaine is likely responsible for the neurotoxic effects rather than penicillin. Procaine is pharmacologically similar to cocaine and, in addition to blocking sodium channels, has been shown to partially block the presynaptic dopamine transporter, leading to increased dopamine levels in the synapse. 39 Procaine administration induces anxiety and somatization in normal patients, 40 is experienced as similar to cocaine in cocaine addicts, 41 and causes increased blood flow on SPECT imaging in reward-processing areas such as the ventral striatum in a pattern similar to cocaine administration. 42, 43 Type 3 AAE (encephalopathy with cerebellar signs).
Unlike the other subtypes of AAE, metronidazole toxicity results in characteristic reversible MRI signal abnormalities in the cerebellar dentate nuclei, dorsal brainstem, or splenium of the corpus callosum. 44 Both increased and decreased diffusivity have been observed in MRI, suggesting the variable presence of both vasogenic and cytotoxic edema, respectively. 44 The pathophysiologic basis of metronidazole neurotoxicity appears to be related to free radical formation and altered thiamine metabolism. Derivatives of 5-nitroimidazole such as metronidazole interact in rat adrenal tissues to form nitrogen anion radicals, supraoxide free radicals, and hydrogen peroxide, which may be neurotoxic. 45 However, this mechanism does not explain the region-specific neurotoxicity of metronidazole, which may be better explained by effects on the thiamine pathway. Metronidazole is enzymatically converted into a thiamine analog that impairs thiamine phosphorylation in vitro. 46 Rats treated with toxic doses of metronidazole show lesions in the cerebellum, superior olive, and pons that histopathologically appear identical to thiaminedeficient rat brains. 47 There is also overlap between the neuroimaging features in metronidazole toxicity and those observed in malnourished patients with nonalcoholic Wernicke encephalopathy. 48, 49 In particular, unlike in alcoholic Wernicke encephalopathy, mammillary body imaging abnormalities tend to be less frequent in Wernicke encephalopathy from non-alcohol-related etiologies, similar to metronidazole toxicity. 49 However, other characteristic lesions found in all types of Wernicke encephalopathy such as medial thalamic lesions are usually not found in metronidazole toxicity, suggesting likely differences in pathophysiology as well.
The fact that isoniazid-associated encephalopathy does not fit clearly into any of the 3 proposed phenotypes may reflect the unique pathogenesis of isoniazid neurotoxicity, which impairs presynaptic production of GABA over time. 50 Pharmacokinetics and patient-specific factors. In addition to the mechanisms outlined above, pharmacokinetics of individual antibiotics and patient comorbidities also play a role in the development of AAE. In animal models, hydrophobic penicillins more readily cross into the brain and result in neurotoxicity. 51 Imipenem, compared to other carbapenems, has slower rate of clearance from CSF, which may contribute to increased neurotoxicity with imipenem compared to other carbapanems. 52 Patient characteristics such as age, renal failure, and preexisting cerebral disease (e.g., Parkinson disease, stroke, or head trauma) increase the risk of antibiotic-associated neurotoxicity for some though not all antibiotics. 14, 15, 50 Renal insufficiency can increase the risk of antibiotic neurotoxicity not only by increasing serum antibiotic concentrations but also by causing proteinuria leading to lower serum protein levels and increased antibiotic bioavailability. 53 Decreased serum protein levels from proteinuria in renal insufficiency also decrease protein glycation and carbamylation leading to alterations in the integrity of the blood-brain barrier, which increases antibiotic entry into the CNS. 54 The use of iron, calcium, and aluminum supplements in patients with renal insufficiency can also increase gastrointestinal absorption of certain antibiotics such as quinolones. 54 LIMITATIONS Our review has several limitations. First, a review relying solely on case reports and small series is subject to selection and publication bias. This may be one reason why the median age for AAE in reported cases is relatively young at 54 years whereas it would be expected that an older population would be even more susceptible to adverse effects from antibiotics. Antibiotics may be an underrecognized factor in delirium in the elderly labeled as multifactorial, and therefore cases of AAE in the elderly may be underreported. Second, since different case reports and series described patients in varying degrees of detail, missing information may lead to imprecise estimates of the prevalence of symptoms and laboratory findings reported. However, by reviewing a large number of cases, we sought to decrease the effects of such variability on our analysis. Missing information may have also contributed to the designation of possible association between antibiotic and encephalopathy for the majority of reported cases based on the Naranjo score since there was often not enough clinical information to definitively exclude another potential contributing factor to encephalopathy in such patients (see Strength of association of antibiotic and AAE). Fourth, although we have attempted to group antibiotics into categories (types I, II, and III), statistical comparisons between antibiotic classes were not possible due to the heterogeneity in reported cases with respect to both clinical factors and level of detail reported in individual reports. Finally, we restricted the analyses to cases describing altered cognition with antibiotics. There is also a substantial literature on seizures associated with antibiotics. It is possible that many reports focusing on seizures with antibiotics (such as with carbapenems) underreport encephalopathy and hence were excluded from our analysis.
DISCUSSION AAE is an underrecognized cause of altered mental status in hospitalized patients, and should be considered in all patients who develop delirium after initiation of antibiotics. Although the clinical features of AAE are diverse, they can be divided into 3 core clinical syndromes associated with particular antibiotics and unique underlying pathophysiologic mechanisms of neurotoxicity. Increased recognition of AAE can lead to earlier discontinuation of causative medications, reducing time spent in a delirious state and thereby improving outcomes in patients with delirium.
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